Abstract -Avalanche-mode light-emitting diodes (AMLEDs) in silicon (Si) are potential light sources to enable monolithic optical links in standard CMOS technology, due to the large overlap of their electroluminescent (EL) spectra with the responsivity of Si photodiodes. These EL spectra depend on the reverse electric field. We present AMLEDs employing the superjunction (SJ) assisted reduced surfacefield (RESURF) effect, which increases the uniformity of their electric field profile. Consequently, the EL area of these lateral devices is significantly enlarged as compared with conventional AMLEDs. Electrical and optical measurements demonstrate RESURF, as predicted by TCAD simulations, and show a direct link between EL-intensity (optical power per unit device area) and the field profile. Contrary to a conventional AMLED, the breakdown voltage of the avalanche-mode SJ-LED scales with the device length. Furthermore, the brightest SJ-LED, with a lateral intensity of ∼30 mW cm −2 at an electrical power (P AMLED ) of 0.1 W, shows a twofold higher internal quantum efficiency and a threefold higher EL-intensity compared with the conventional AMLED for the same P AMLED . This particular SJ-LED also shows an optimum radiative recombination efficiency at a current density of around ∼800 A cm −2 .
The Avalanche-Mode Superjunction LED
I. INTRODUCTION
The avalanche-mode light-emitting diode (AMLED) is a potential candidate as a silicon (Si)-based light source in monolithic optical links in standard CMOS technology [1] - [7] . This is primarily due to two features. First, the electroluminescent (EL) spectra of Si AMLEDs have a significant overlap with the spectral responsivity of Si photodiodes (PDs) [1] , as compared with that of forward biased Si LEDs. Second, AMLEDs can be modulated at high speeds (∼20 GHz) [8] , which is governed by the short carrier transit time (∼10 ps) across the depletion region via drift.
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The EL in AM (AM-EL) is governed by impact ionization [9] and hence, by the reverse electric field F [10] . The main challenge, however, has been the relatively lower radiative efficiency of AMLEDs (∼10 −5 ) [3] as compared with that of forward biased LEDs (∼10 −3 ) [11] , which can be compensated by integrating them with single photon avalanche diodes (SPADs) [12] as detectors, which are sensitive to a few photons. SPADs can offer high-speed optical data communication [12] if sufficient number of photons are received per (data) bit. To increase both power efficiency and attainable bandwidth, the EL-intensity per unit device area and hence the internal quantum efficiency (IQE) of the LEDs should be enhanced [13] . Recently, enhanced AM-EL was demonstrated through enhanced injection (current density) [3] , [14] , carrier momentum, and carrier energy engineering [13] with reported intensities up to 200 nW μm −2 .
In this paper, we propose a new way to improve the spatial uniformity of F and consequently the IQE of the LED in a standard 140-nm silicon-on-insulator (SOI)-CMOS technology [15] . This is achieved using the superjunction (SJ) assisted reduced surface-field (RESURF) concept [16] - [19] . Although the SJ concept has been used in Si power devices [20] - [24] to overcome the avalanche breakdown voltage (V BR ) versus ON-resistance (R ON ) tradeoff, it has not yet been used in LEDs. The proposed avalanche-mode SJ-LEDs are lateral multifinger diodes. We show that: 1) RESURF is obtained in a standard SOI technology, where V BR can be tuned by the designer via device scaling; 2) a more uniform electric field profile directly translates into more uniform AM-EL over the device area ( A); 3) the EL-intensity (optical power per unit area) increases with increasing field uniformity; and 4) a higher IQE and a higher EL-intensity can be achieved with the SJ-LED for the same electrical power (P AMLED ) as compared with a conventional AMLED.
This paper is organized as follows. Section II describes the theoretical background and the structural design of the SJ-LEDs. Section III discusses the electrical and optical behavior of the SJ-LEDs along with an implementation example of a monolithic lateral optical link designed in the same technology. Section IV summarizes our conclusions.
II. THEORY AND DESIGN OF DEVICE
A. Background Fig. 1(a) shows the schematic top view and the sketch of the triangular field profile F(x) of an abrupt, symmetric p-n junction [25] . The SJ diode consists of alternate p-and n-doped fingers, as shown in Fig. 1(b) . Optimal RESURF is obtained when the charge in the p-type and n-type fingers is balanced [16] 
where q is the elementary charge, d is the finger width, N is the doping concentration, and the subscripts A and D represent the acceptor and donor species, respectively. To simplify the design procedure, we choose a symmetric SJ with N A = N D = N, and thereby equal finger widths
Moreover, a more uniform field profile F(x) is obtained when the fingers are fully depleted along the y-axis at a reverse bias V < V BR . This ideally leads to a profile F(y). The fingers at the edges are terminated at a width of 0.5 d, to ensure charge balance and symmetry. At full depletion, the following condition holds:
where W dep is the depletion width, and Si is the silicon permittivity. Avalanche breakdown initiates via impact ionization that generates electron-hole pairs. The electrons and holes are swept apart by the high reverse electric field and are accelerated to energies in excess of the bandgap. Upon transition to the valence band, a certain fraction of these high energy electrons recombines with holes leading to isotropic AM-EL [9] , [10] . AM-EL occurs from a point (x, y) if |F(x, y)| exceeds the critical field F crit as indicated by the regions x rad and y rad in Fig. 1 . the p-and n-layers. A medium trench isolation encloses the device, which along with the buried oxide layer provides galvanic isolation from neighboring devices. The n + and p + regions are separated by a length L, and are separated from the SJ region by an n-and p-layers, respectively, in order to prevent the formation and premature breakdown of n + -p or p + -n junctions. In the SJ-LEDs, namely, D2 and D4-D6, d and L have been varied as listed in Table I . Lateral conventional p-n diodes D1 and D3 have been designed as reference devices having a single p-n junction along the x-axis for each diode segment [see Fig. 1(a) ]. The shallow p-and n-implants provide low attenuation for the vertically emerging light. Furthermore, silicide protection masks are used on the entire active area except the electrodes to facilitate the off-chip vertical measurement of the EL-spectra via a spectrometer. Light was also detected via an on-chip integrated PD, which will be discussed in Section III-C.
B. Design

III. ANALYSIS AND RESULTS
A. Electrical Characteristics with suitably chosen d and L [27] , for a given V , the fingers deplete along y faster than along x, leading to full depletion [ Fig. 3(b) ], obtained for L = 2 μm and d = 0.384 μm. Charge balance results in field peaking at the opposite corners [27] of the p-and n-fingers. The spread in F(x, y) expands the region where F(x, y) > F crit , thereby expanding the EL-region. The TCAD simulated values of F crit are indicated also in Fig. 4 . Full depletion along y also increases the spatial field uniformity, as shown in (2) is satisfied. This leads to a sharp drop in the capacitance C [28] as observed from the measured C-V characteristics in Fig. 6 . Thus, less charge removal is needed for a fixed change in C in D2 as compared with D1. In addition, C(V = 0) is about 2.5 times higher in D2 than in D1 owing to a higher number 6 . Measured reverse C-V characteristics of D1 (blue) and D2 (green). The full depletion along the y-axis due to RESURF leads to a sharp drop in C [28] . This occurs when condition (2) is satisfied. Insets: TCAD simulated 2-D view of the field profile F(x, y) of D2 at V = 2 V (partial depletion) and V = 20 V (full depletion).
of junctions (≈25) for the same device area A. The TCAD simulated 2-D field profiles for the SJ-LED D2 are shown in the insets at V = 2 V (partial depletion) and at V = 20 V (full depletion).
As reported in the literature, RESURF also leads to a change in the V BR of the devices. Fig. 7 shows the TCAD simulated versus measured I -V characteristics of the reference lateral p-n LED D1 and SJ-LED D2 at a temperature of 300 K. TCAD models include impact ionization [29] along with dopingdependent and field-enhanced Shockley-Read-Hall recombination [30] . Good agreement in V BR is obtained, which has been defined [31] at I = 1 μA, for both TCAD and experiment. With more RESURF in D2, V BR is higher than in D1, while both have the same doping levels and device area. V BR of about 50 V is also in agreement with the 2-D analytical model in [27] with L = 2 μm and d = 0.384 μm. The reverse leakage current is higher in D1 than in D2 (with RESURF), which can be explained by a lower effective carrier lifetime (τ eff ∼0.1 μs) in D1 than in D2 (∼10 μs). This is possibly due to the different edge termination of the p-n junction in D1 (and also in D3), where the shallow trench isolation (STI) layer directly interfaces the junction along the x-axis leading to a Fig. 7 . TCAD simulated and measured reverse I-V characteristics of D1 and SJ-LED D2 at 300 K. Measurement is done using a Keithley 4200 SCS. V BR has been defined [31] at I = 1 µA. Fig. 8 . Measured reverse I-V characteristics of the reference LED D3 and the SJ-LEDs D4-D6, all with L = 1 µm, at 300 K. Measurement is done using a Keithley 4200 SCS. V BR has been defined [31] at I = 1 µA.
higher chance of trap-assisted recombination. Fig. 8 shows the measured and TCAD simulated dc I -V characteristics for the reference lateral p-n LED D3 and the SJ-LEDs D4-D6, where also τ eff of ∼0.1 μs has been used. For a fixed L = 1 μm, as d reduces from 0.768 μm in D6 to 0.384 μm in D4, V BR increases by ∼2 V. The (minor) discrepancies between the measured and TCAD simulated I -V characteristics may be caused by the nonuniformities at the oxide-silicon interface [see Fig. 2(c) ], nonuniformities in the Si doping profiles, selfheating, defects in the depletion region, and/or series resistance effects. Fig. 9 summarizes the measured and TCAD simulated V BR for the SJ-LEDs. For d = 0.384 μm, as L is halved from 2 μm in D2 to 1 μm in D4, V BR also reduces nearly by a factor of 2. An increase in measured V BR is also observed as d reduces for a given L = 1 μm, as observed in diodes D4-D6, due to increasing field uniformity. This trend is also in Fig. 9 . TCAD simulated and measured V BR for the SJ-LEDs D2 and D4-D6 at 300 K. The trend in V BR is compliant with the one predicted by a 2-D analytical model [27] . agreement with the analytical model in [27] . Note that in all diodes, a positive temperature coefficient of the measured V BR was observed, which confirms avalanche breakdown [32] .
B. Electroluminescent Characteristics
The measured AM-EL spectra of D1 and D2 at 300 K for I AMLED = 4 mA and 8 mA are shown in Fig. 10(a) . The light is coupled vertically from the die into an optical fiber feeding an ADC-1000-USB spectrometer from Avantes. Similar spectra have also been measured for D3 to D6, but are not shown for brevity. Emission is observed in the range 400 nm < λ < 870 nm with a peak at λ ≈ 650 nm, where λ is the free space photon wavelength. The spectra were modeled for conventional single-sided junctions with respect to V and F earlier [10] , [33] - [35] . Ripples are observed in the spectra, in particular, in the range 600 nm < λ < 800 nm. This is predominantly due to Fabry-Perot interference in the ∼10-μm-thick intermetal dielectric (IMD) present on the top of the devices, which has been experimentally confirmed by measuring the transmission spectrum of the IMD. For the same A, the EL-intensity is observed to be higher in D2 than in the reference lateral p-n LED D1, due to a higher field uniformity in D2. Fig. 10(b) shows the relative comparison of the AM-EL intensity (optical power per unit device area) with respect to Note that the metal lines on the electrodes screen the light. The EL-micrograph of D5 is similar to that of D6 and hence omitted for brevity.
electrical power P AMLED for the SJ and reference AMLEDs, evaluated at a fixed I AMLED = 4 mA. For L = 1 μm, as d is progressively reduced from D6 to D5 and to D4, a nearly 50 % increase in the EL-intensity is obtained due to an increased spreading in F(x, y). This also leads to an increase in V BR and thereby P AMLED . Similar reasoning holds for L = 2 μm. Furthermore, the EL-intensity of D2 is less than that of D4, which can be explained by the lower value of F m [10] as seen from TCAD simulated field profile (see Fig. 4 ).
The connection between the spatial uniformity in F(x, y) and AM-electroluminescence is further evident from Fig. 11(b)-(d) . In D4 (and also in D2), RESURF leads to a more uniform light emission along the y-axis. The increase in the EL-area implies an increase in the IQE [36] of the SJ-LED. In D6, F(y) is less uniform than in D4 [see also Fig. 5(b) ]. Under a given optical resolution, the nonuniformity in field results in a discontinuous array of EL-spots in D6. Each spot corresponds to a junction between p-type and n-type fingers.
C. Implementation in an Integrated Lateral Optical Link
Since AM-EL is isotropic, photons can be detected laterally by an integrated PD (with a geometry-limited extraction efficiency η), which is a standard vertical n + -p junction separated from the AMLED by 20 μm along the y-axis via an STI layer, as shown in Fig. 12(a) . The STI layer along with the IMD stack provides a low-attenuation optical path [7] . A quantitative measure of the EL-intensity (I opt ) of an AMLED in the lateral direction (y-axis) is obtained from the measured shortcircuit current I SC and open-circuit voltage V OC of the PD at various I AMLED . Both I SC and V OC increase with increasing I AMLED and hence, increasing I opt [7] . The maximum photovoltaic power delivered to a load is given by I SC · V OC [25] . Considering the high detection IQE of a Si PD for visiblerange photons, I SC · V OC is a lower bound estimate for the optical power P opt intercepted by the PD. Therefore, I opt of the LED along the y-axis is
, where A SW is the sidewall area of the EL-region of the AMLED normal to the optical propagation (y-axis).
We can now compare I opt of our brightest SJ-LED D4 with a conventional n + -p AMLED in the same technology. The die micrograph and the EL-micrograph of the conventional AMLED are shown in Fig. 12(b) , where we observe that photon emission dominates only at the periphery of the n + The handle wafer contact shown in purple serves as a heat sink [37] to reduce thermal coupling [7] . (b) Top view (left) and the AM-EL micrograph (right) of the conventional n + -p AMLED at I AMLED = 4 mA in avalanche breakdown. active area, which is close to the anode (p + ) contact. This is due to two reasons: electric field enhancement along the n + periphery and due to current crowding, which were verified by TCAD simulations. Fig. 13(a) shows the measured coupling efficiency [7] defined as I SC /I AMLED when the PD is illuminated by the SJ-LED D4 and the conventional n + -p AMLED in the same technology with a V BR of 16.8 V. Since I SC is proportional to the EL-intensity, therefore, the IQE of each LED is proportional to the ratio I SC /I AMLED . At I AMLED = 4 mA, a two times higher IQE is obtained from the SJ-LED D4 (with an active device area A = 510 μm 2 ) as compared with the conventional AMLED (with a four times larger active device area than D4). Note that the same PD separated by the same distance from the LED is used to detect photons from both the LEDs. The IQE of both the LEDs reaches its respective maximum in the range of I AMLED ∼3-4 mA, which represents the regime of maximum efficiency of avalanche-mode radiative recombination in the SJ-LED D4 with an effective current density of ∼800 A cm −2 . For higher I AMLED , a slight reduction in the IQE is observed, which is normally caused by an increase in the nonradiative Auger recombination [36] . Fig. 13(b) compares the AM-EL intensity along the y-axis of the SJ-LED D4 with that of the conventional n + -p AMLED versus P AMLED . For the same P AMLED , the EL-intensity of D4 is three times higher than that of the conventional AMLED. This is the result of enhancement of the AM-EL region that is linked to the field profile over the device area and the different V BR of the two LEDs.
IV. CONCLUSION
Avalanche-mode (AM) superjunction (SJ) LEDs employing the Reduced Surface Field (RESURF) effect have been presented for the first time. The devices have been optimized for a higher uniformity in the electric field profile that increases the internal quantum efficiency (IQE) of AMelectroluminescence. From spectral measurements, the intensity is shown to increase with increasing field uniformity. Furthermore, via on-chip optical sensing through an integrated photodiode, it is shown that a two times higher IQE is obtained from the brightest SJ-LED as compared with a standard vertical n + -p AMLED. Furthermore, for the same electrical power, the intensity of the particular SJ-LED is three times higher than that of the standard n + -p AMLED.
